The enzymatic bioluminescence of firefly lu ciferase has been used in sensitive pictorial assays of ATP. We describe a method using a membrane with im mobilized luciferase in a multilayer film format for the histochemical representation of brain A TP content. The multilayer film consisted of a transparent support, a re agent layer, and a pigment layer. The reagent layer con tained all necessary reagents, including immobilized lu ciferase. The pigment layer was effective for high image resolution. An unfixed slice of frozen brain 16 f.Lm thick was placed on the film. The chemical energy of brain ATP ATP is an important end product of energy me tabolism. Its concentration is closely related to the functional capacity or viability of cells. The regional ATP content in the brain is usually evaluated by conventional biochemical analysis with tissue sam pling, but such assays are insufficient to investigate the spatial distribution of ATP in pathological con ditions. The histochemical imaging of endogenous brain ATP has been reported by Kogure and Alonso (1978) , using bioluminescence of the luciferin-ATP reaction catalyzed by firefly luciferase. Their histo chemical method is more suitable for the evaluation of regional changes in ATP than conventional bio chemical assays, but the original method may give rise to some artifacts, including diffusion artifact by
was converted into luminescent energy in the reagent layer and the bioluminescence emitted was recorded pho tographically with high spatial resolution. A close linear relationship was obtained between the optical density of the bioluminescent images and logarithmic plots of the brain ATP content. With this film, the regional ATP con tent in fine anatomical structures of gerbil brains was clearly demonstrated in both physiological and patholog ical states. Key Words: Adenosine triphosphate-Gerbil brain-Histochemical method-Immobilized enzyme Luciferase-Multilayer film. diffusion of ATP in the reagent solution, decreasing image resolution and reproducibility. To overcome this artifact, Paschen et al. (1983) used freeze-dried sections. Freeze-drying of sections has been further developed to use in the quantitative imaging of glu cose (Paschen et aI., 1985a) and lactate (Paschen, 1985) .
In the original method of Kogure and Alonso (1978) and its modification by Paschen et aI. (1983) , the bioluminescent reaction was carried out in the reagent solution, which allows diffusion of ATP. We think that recently developed enzyme immobi lization techniques could prevent this artifact. Fire fly luciferase and some other enzymes immobilized in a proper binder catalyze luminous processes; the analytical use of a luminous membrane with immo bilized peroxidase (Ikariyama et aI., 1980) and bac terial luciferase immobilized onto glass beads for the assay of NADH or NADPH (Jablonski and De Luca, 1978) has been reported. In the present study, the reagent was applied to brain slices as an enzyme-immobilized membrane to avoid the diffu sion artifact of the A TP histochemistry.
MATERIALS AND METHODS

Preparation of reagents
Gelatin (E. Merck, Darmstadt, F.R.G.) and glycerol (Kanto Chemical, Tokyo, Japan) were dissolved together in distilled water at concentrations of 3% (wt/vol) and 2% (vol/vol), respectively. After filtration and cooling to room temperature, 7.5 ml of this solution was added to buffered firefly lantern extract (Sigma Chemical Co., St. Louis, MO, U.S.A.; lots 800F5 and 800F7 were used in the present study, lot 800F6 being inappropriate for its low enzymatic activity), which contained soluble extract from 50 mg of dried lanterns (luciferin and luciferase), arsenate buffer, and magnesium salt. The mixture was then centrifuged at 1,500 rpm for 5 min. Then 100 f-ll of supernatant was spread on a cover glass (25 x 60 mm, 0.15 mm thick) within an area of 25 x 40 mm2• The cover glass with the supernatant was dried at room temperature for -6 h to give a gelatinous membrane. This membrane containing immobilized luciferase and other reagents nec essary for the pictorial assay of ATP was termed the re agent layer ( Fig. lA) . A fine powder of aniline black (Na calai Tesque, Kyoto, Japan) was coated over the adhe sive surface of the reagent layer and termed the pigment layer ( Fig. lA) . This black-colored layer prevented reflec tion of light from the brain slice. The adhesiveness of the reagent layer was correlated to its glycerol level and it affected the density and thickness of the pigment layer. Thus, in dry weather, the concentration of glycerol in the gelatin solution was increased to 2.5% (vol/vol). These multilayer film elements were termed the reagent film; they could be stored for at least 2 years at -85°C.
Animal preparation
Eighteen adult Mongolian gerbils (Meriones unguicula tus) of either sex, weighing 60-80 g, were used in the present study. After ether anesthesia was applied, 1 h of hemispheric ischemia was induced by ligation of the left common carotid in three gerbils, and 15 min of forebrain ischemia was induced by bilateral common carotid liga tion in three other gerbils. Eight untreated gerbils were used as the controls. A funnel cup was fitted onto the exposed skull surface and the brains of the animals were frozen in situ with liquid nitrogen poured into the cup (Ponten et aI., 1973) . For sampling of brain tissues with various ATP levels, four gerbils were killed with an infu sion of KCI, which caused cardiac arrest. At 0, 15, 30, or 40 s after cardiac arrest, the animals were immersed in (A) liquid nitrogen. The frozen brains were sectioned with an electric band saw and were kept at -85°C until analysis.
Histochemical analysis
The frozen brains were sliced 16 f-lm thick in a cryostat at -20°C, mounted onto the pigment layer, and frrmly pressed against this layer with cylindrical cork at the same temperature. Before the reagent film was taken from the cryostat, a thin glass was placed on the brain slice to prevent its drying or dewing. At 30 s, after taking out the film with the mounted brain slice, it was placed in direct contact with Tri-X pan black and white film (ISO 400; Eastman Kodak, Rochester, NY, U.S.A.) for re cording of ATP bioluminescence (Fig. IB) . Exposure time was 15 s at room temperature. The tissue fluid con taining A TP released by the thawing of the brain slice diffused through the pigment layer into the reagent layer. ATP bioluminescence emitted from the reagent layer blackened the photographic film. For anatomical identi fication of the ATP distribution image, an adjacent 16-f-lm slice in the same plane was stained with cresyl violet.
Biochemical analysis
For comparison of the optical densities and the ATP content measured in the brain material, regional ATP content of the tissue blocks was determined by enzymatic biochemical assays. Two control gerbils and four gerbils killed by KCI-induced cardiac arrest were used. After recording of the A TP bioluminescence histochemically, brain samples of -10 mg were taken from the remaining tissue blocks. Extraction and analysis of brain ATP were done by a modification of the luciferase method of Biziere and Coyle (1978) . The frozen brain samples were put to 3 ml of ice-cold 10% (wt/vol) trichloroacetic acid (TCA) and immediately homogenized. The TCA homogenate was centrifuged at 10,000 rpm for 10 min al O°e. The precip itate was extracted again in the same way with 1 ml of ice-cold 10% TCA. The supernatant fluid was collected and diluted with 10% TCA. This diluted sample was ex tracted four times with ether to remove the TCA. Internal standards of A TP in 10% TCA solution were treated in the same way. The ATP concentration in the final sample solution was measured by the use of luciferase (ATP bi oluminescence CLS; Boehringer Mannheim GmbH, F.R.G.) and a photometer (Monolight 350; Analytical Lu minescence Laboratory, San Diego, CA, U.S.A.). Mea surement was started 5 s later and integrated luminescent emission was counted for lO-s periods. The ATP concen- :---_�------��-· : : : :
Schematic cross sections of multilayer film element (reagent film) for the ATP pictorial assay (A) and a procedure of analysis (8).
tration in the samples of brain was calculated by a loga rithmic plot of count versus ATP concentration (Stanley and Williams, 1969) . The optical density of the film neg atives in the regions corresponding to the sampling area was measured and plotted against the logarithm of the brain ATP content as a scatter diagram.
Calibration
ATP standard solutions were prepared as follows: (a) 3 g of polyvinyl alcohol (saponification value, 99.5%; de gree of polymerization, 1,8(0) was dissolved in 100 ml of 0.05 M 4-(2-hydroxyethyl)-2-piperazineethane sulfonic acid buffer (pH 7.5; solution A); (b) ATP (Sigma) was dissolved in solution A at the concentration of 4.00 fLmol ml-I (solution B); and (c) solution B was diluted with solution A to concentrations of 2.00, 1.00, 0.50, and 0.25 fLmol ml-I. Each solution was frozen and a set of frozen solutions was arrayed in the order of their concentrations to form a block at -20°C (standard frozen block). A 16-fLm section of the standard frozen block cut in a cry ostat at -20°C was mounted on a reagent film at the same temperature. During the histochemical study of brain slices, the light emission by the ATP standards was si multaneously recorded on the same photographic film in an identical manner. After development, the optical den sity of the film negatives was measured by a densitometer (PDA-65; Konica, Tokyo, Japan). A calibration curve for the quantitative histochemical assay was obtained by plots of the optical density versus the logarithm of the ATP concentration.
Densitometry
A microcomputer-based densitometer (Richards et aI., 1985) was used for measuring the brain slice data. This equipment was made up of an analog-to-digital converter (FDM98-4; Photron, Tokyo, Japan) connected to a micro computer (PC-980IF; NEC, Tokyo, Japan), a 55-mm, fl 2.8 lens (Micro-Nikkor; Nikon, Tokyo, Japan) mounted FIG. 2. ATP biolumines cent images in four repre sentative coronal planes (prints from film nega tives). High ATP levels are represented by bright light intensity. Note the clear demarcation of fine anatomical structures. The corpus callosum had a lower ATP content than gray matter. The habe nula and the superficial layer of the superior col liculus showed slightly higher ATP levels than neighboring structures. The ATP content of the choroid plexus in the lat eral ventricles was de tectable. Scale bar. 1 mm. on a charge-coupled device camera (TI-22A; NEC), and a light box for image analytical use (SFC, Tokyo, Japan). The analog-to-digital converter had 256 x 256 pixels x 6-bit resolution. Operating programs for image processing and calculation of the optical density written in BASIC and machine code were developed in our laboratory. Cal ibration of this equipment was based on the method of Richards et al. (1985) . The calculated optical densities were linear for optical densities measured by the densi tometer (PDA-65) up to 1. 10 with a correlation coefficient of 0.999 1. The mean optical density and standard devia tion of regions of interest (ROIs) was calculated by the following criteria: All ROIs contained at least 40 pixels, which corresponded to an area of 0. 18 mm2 of gerbil brain, and data were discarded when the SD was ;;-'0.04.
RESULTS
Application to brain slices Figure 2 shows the brain A TP distribution in four representative coronal planes. Various anatomical structures such as the cerebral cortex, caudoputa men, hippocampus, thalamus, hypothalamus, supe rior colliculus, ventricles and the choroid plexus could be identified. In these pictures, regions con taining low levels of A TP were represented by darker areas than those regions higher in ATP. The ATP level varied slightly in different structures: White matter such as the corpus callosum showed a somewhat lower ATP content than gray matter. Some regions such as the habenula and the super ficial layer of the superior colliculus had a slightly higher A TP content than neighboring structures. A columnar pattern of ATP distribution in the cortex (Kogure and Alonso, 1978) was not seen. The ATP level in the cerebrospinal fluid was below the de tection limit. Figure 3 shows the changes in ATP of the isch emic animals compared with the controls. In hemi spheric ischemia, the ATP content in the left isch emic hemisphere declined to a level below the de tection limit. It is clearly noted that ATP was not depleted in the cingulate cortex and the medial part of the thalamus on the ischemic side. In bilateral forebrain ischemia, the brain ATP content was de pleted except for large veins, the choroid plexus, and the medial thalamic area, which received its vascular supply from the posterior circulation.
A good linear correlation between the optical densities and the logarithm of the brain ATP con tent is shown in Fig. 4 . The correlation coefficient was 0.97 and the regression line was
where OD is the optical density and [ATP]brain is the brain A TP content (flmol g � I). 
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FIG. 4. Correlation between optical densities and the loga rithm of the brain ATP content. After histochemical recording of ATP bioluminescence (data obtained from control brains and brains frozen at 0, 15, 30, and 40 s after cardiac arrest), brain samples (n = 22) weighing -10 mg that corresponded to an area of homogeneous optical density were punched out. Using conventional enzymatic analysis, ATP content in the tissue samples was assessed quantitatively. The optical density of areas of the film negatives that corresponded to the sampled regions was plotted against the logarithm of the brain ATP content. The optical density had a good linear relationship with logarithmic plots of the brain ATP content (correlation coefficient r = 0.97; intercept = 0.86; slope = 0. 19).
Calibration curve
A calibration curve of the mean optical density versus the logarithm of the ATP concentration is shown in Fig. 5 . The curve was linear between 0. 25 and 4.00 /-Lmol ml-I ATP concentration and was expressed as follows:
where [ATP]stand is the ATP concentration of the standards. The correlation between the brain ATP content (/-Lmol g-I) and the ATP concentration (/-Lmol ml-I) of the standards was calculated from Eqs. 1 and 2:
[ATP]brain = exp(O.11 + 0.89" log[ATP]stand)(3)
For the negative control, a frozen block of solu tion A was sectioned 16 /-Lm thick. The ATP con centration of this slice was measured by the reagent film method, and no ATP bioluminescence was found.
Effects of pigment layer and exposure time
A brain slice was mounted on a reagent film with out a pigment layer and was placed in direct contact with photographic film for 6 s. The quality of the image obtained without the pigment layer ( Fig. 6A ) was rather poor in contrast to that obtained with all layers (Fig. 6B) .
Exposure prolonged to 2 min (Fig. 6C ) gave ATP images that were more intense than that with 15 s of exposure (Fig. 6B) . In 2 min of exposure, higher intensity was noted in the white matter.
Changes in A TP bioluminescence with time
The standard frozen blocks were cut into 16-/-Lm sections and layered onto a reagent film. For exam ination of changes in A TP bioluminescence with time, this reagent film was repetitively exposed on Tri-X pan film every 30 s (exposure time, 15 s). The optical density of the film negatives was measured and plotted against time (Fig. 7) . With the standard frozen blocks, the optical density gradually de creased and attentuation curves were not crossed among the various ATP concentrations.
Alterations in the A TP-Iuciferase reaction with time in brain slices were also examined. Changes with time of light emission in gray matter differed from those in white matter; in the cortex or caudo putamen, the reduction in ATP bioluminescence was more rapid than that in the corpus callosum or anterior commissure (Fig. 8) . These time-related changes in A TP bioluminescence in brain tissue were different from those observed with the stan dard frozen blocks. A 16-f..L m section from a standard fro zen block (ATP concentrations, 4.00, 2.00, 1.00, 0.50, and 0.25 f..L mol ml-1) was made and layered onto a reagent film. This reagent film was repetitively exposed on Tri-X pan film every 30 s (exposure time, 15 s). x-Axis shows the time after the section was removed from the cryostat. The optical den sity of this film negative was plotted against time. Note the parallel reductions of the optical densities at different ATP concentrations in the standard frozen block. When ATP is the limiting component of the assay system, the intensity of the light emitted, with a broad peak between 500 and 600 nm, is directly proportional to the ATP concentration. When a quantum counter is used, the logarithm of inte grated luminescence in a certain time has a linear relationship with that of the A TP concentration (Stanley and Williams, 1969) . The light intensity of these reactions is affected by temperature, pH, and some metal ions in the solution. Arsenate is an ef fective inhibitor that lowers the peak luminescent intensity and prolongs the luminescence emission time. These assay principles were first used for his tochemical A TP imaging by Kogure and Alonso (1978) . In the present study, assay principles of a multilayer film element developed by Curme et al. (1978) were applied to the ATP histochemistry.
DISCUSSION
The multilayer film element is a dry, thin film containing all reagents needed for a quantitative biochemical assay. A variety of chemical processes J Cereb Blood Flow Me/ab, Vol. 9, No.4. 1989 can be carried out within this film format. For ex ample, films for glucose assays consist of a trans parent support, a reagent layer, and a spreading layer (Curme et aI., 1978) ; the reagent layer coated over a transparent polyethylene telephthalate film contains a suitable binder, enzymes, dye precur sors, and a buffer for pH control. A hydrophilic polymer of gelatin is used as binder in this layer. The spreading layer, pigmented with Ti02, is coated over the reagent layer. This layer acts as a white background diffuser for colorimetric densitometry. The multilayer films for the glucose assay showed coefficients of variation of 1.5% in predicting glu cose concentrations and a good correlation coeffi cient (r = 0.9995) in the linear regression plot of the film analysis method versus the conventional hexo kinase method.
In this study, with modification of the multilayer film for glucose assays, an ATP reagent film is made up of three layers: a transparent support, a reagent layer, and a pigment layer. The surface of the trans parent support is coated with the reagent layer con taining arsenate buffer, luciferase, luciferin, and a magnesium salt. Gelatin is also used as the binder in this layer. Since luciferase is immobilized in the re-agent layer by entrapment in a polymer gel, the chemical energy fr om ATP is converted into optical energy in this layer. In the reagent layer, the poly mer binder fo rms a cross-linked network (Gold stein, 1976), reducing both the mobility of luciferase and the intracarrier diffusion of tissue fluid. Thus, the resolution and the reproducibility of A TP im ages are improved. The pigment layer, made up of a fine black-colored powder of aniline black, has an important optical effect. This layer, interposed be tween a brain slice and the reagent layer, absorbs the light projected toward the side of the brain slice. Without the pigment layer, the light emission in the reagent layer is reflected fr om the surface of the brain slice. This reflection lowers the image resolu tion and the accuracy of ATP measurements.
During analysis, mounted, unfixed fr ozen sec tions thaw at room temperature. The tissue fluid containing ATP diffuses through the pigment layer into the reagent layer, giving rise to a biolumines cent reaction. The bioluminescence emitted fr om the reagent layer is recorded on photographic film in direct contact with the transparent support. Since the optical density of the photographic film corre sponds to the logarithm of the total amount of light energy emitted, measurement of the optical density in this histochemical method enables the quantita tive assessment of the regional ATP level. For quantitative assessment with use of a different se ries of reagent films and development, calibration data between optical density and ATP content are obtained fr om both standard fr ozen blocks and tis sue blocks. From these calibrations, the brain ATP content can be calculated by simultaneous record ing of values for the standard frozen block.
In the present method, the timing and accuracy of the exposure strongly affected the measurements and the image reproducibility, because the kinetics of the luciferin-A TP reaction change with time. Im mediately after removal of reagent film fr om a cry ostat, the surface of the transparent support became moist and a lag period before exposure was needed.
An accurately measured lag period (30 s in this study) and an accurate exposure time are essential fo r reproducibility and quantitation.
Prolonged exposure produced an artifact that suggested the ATP content of white matter was higher than that of gray matter (Fig. 6C) . Kogure et ai. (1980) , using their original method with 2-min exposures, reported finding this artifact in unfixed brains but not in fixed brains. They suggested that it was caused by the reflection of A TP biolumines cence at white matter. However, this is unlikely, because in our method, the pigment layer of the reagent film absorbed emitted light and blocked the luminescent reflection. This artifact is more likely caused by the rapid reduction of ATP biolumines cence in gray matter as shown in Fig. 8 . Using un fixed brain slices, the activity of endogenous AT Pases and other enzymes may affe ct the ATP imag ing (Kogure and Alonso, 1978; Welsh et aI., 1982) .
The activity ofNa + ,K + -ATPase in gray matter was threefold higher than that in white matter (Samaha, 1967 ). An autoradiographic study showed that oua bain, which binds to Na + ,K + -ATPase, had fe w or no specific binding sites in white matter (Caspers et aI., 1987) . Hence, the rapid fa ding in ATP biolumi nescence probably means that the activities of these enzymes are higher in gray matter. These enzyme activities might affect the values measured by the histochemical method. However, under our expo sure conditions, the ATP content in the brain mea sured by the histochemical method was in good ac cordance with measured values fo r tissue samples. In the ischemic brain, a decreased ATP content was clearly demonstrated in an area corresponding to the area with impaired circulation.
Reliability of new histochemical techniques that use a multilayered membrane with immobilized en zymes has been validated in experimental animals. In recent years, the development of a multiparamet ric topographical approach to brain pathology has made it possible to analyze fine regional metabolic alterations that were difficult to assess using con ventional approaches (Paschen et aI., 1983 (Paschen et aI., , 1985b Welsh, 1984; Hossmann et aI., 1985; Kim et aI., 1985) . High image resolution, good reproducibility, and reliable values make the method we describe here potentially useful fo r such multiparametric to pographical studies.
